This study describes the synthesis of an azo-Mn(II) complex requiring an accurate pH control. The reaction conditions for the delicate azo-Mn(II) complex could be precisely controlled using a microfluidic device. The microfluidic method showed the following advantages over the conventional method: the concentration of the pH-control reagent was reduced (1/15), the reaction time was remarkably decreased from 4 h to less than 1 s, and the reaction temperature was lowered from 40 to 23 C. Moreover, the microfluidic device suppressed the oxidation of the compound and did not require cooling to remove the heat of reaction.
Introduction
Azo-metal complexes have attracted attention from many researchers in recent years. Azo compounds have important uses in biofuel cell electrodes and solar power applications and as cell markers. For example, Lim et al. designed a heptamethine-azo conjugate as a near-infrared uorescent probe to monitor mitochondrial glutathione with low background autouorescence and serve as a cell marker.
1 However, the synthesis of azo-metal complexes remains challenging and is still an active area of research. For instance, Grirrane et al. and Zhang and Jiao have reported that gold nanoparticles supported on titanium dioxide (TiO 2 ) and nanoparticulate cerium dioxide (CeO 2 ) catalyse the aerobic oxidation of aromatic anilines to aromatic azo compounds.
2, 3 Takeda, Minakata, and co-workers demonstrated the oxidative homodimerization of aniline under various conditions. [4] [5] [6] Monir et al. reported the development of an efficient method for the synthesis of aromatic azo compounds in high yields through the phenyliodine(III) diacetate (PIDA)-mediated oxidative dehydrogenative coupling of anilines. 7 Einaga, Akitsu, and co-workers systematically investigated organic/inorganic hybrid materials composed of metal complexes and azo compounds in poly(methyl methacrylate) lms as non-crystalline solids 8 that could be converted into chiral Schiff base complexes and made to regularly align. 9 However, the synthesis of azo compounds via conventional methods is complicated because it requires a metal catalyst and strict control of the atmosphere and temperature.
Herein, we propose a new synthetic method for a very simple azo-metal complex using a microuidic device. Chemical processes using microuidic devices can be highly efficient. For example, Priest et al. reported the microuidic solvent extraction of Cu 2+ ions from particle-laden aqueous solutions using 2-hydroxy-5-nonylacetophenone as an alternative to conventional solvent extraction. 10 Furthermore, Kitamori and coworkers described the determination of carbamate pesticides such as carbaryl, carbofuran, propoxur, and bendiocarb using a microuidic device developed for efficient solvent extraction.
11,12 Brivio et al. and deMello et al. reviewed the effects of downscaling reaction vessels as well as the advantages of the continuous-ow microuidic approach over conventional methods, as illustrated by a number of examples of organic reactions carried out in microuidic devices. [13] [14] [15] [16] The Lumley group reported the use of a microuidic device in the photochemical oxidation of cholesterol, a-terpinene, and citronellol under ow conditions, and the results were compared with those of similar batch reactions. 17 Miller et al. described the rapid and high-yielding carbonylative cross-coupling reactions of aryl halides to form secondary amides using a glassfabricated microuidic device. 18 Gunther and Jensen reviewed the ow characteristics in multiphase micro-and nanoscale systems, measurement methodology, and how these characteristics could be utilized in microuidic applications. 19 Kanai et al. described a sheath ow multi-sample injector that allowed concentration-conserving sample injection using a stepwise ow to reduce the dilution of the sample reagent. 20 We have previously established the synthesis of metal complexes and protein-metal complexes using microuidic devices. 21, 22 The synthesis of the metal complexes using the microuidic device required a shorter reaction time and no temperature or atmospheric control. 23, 24 Furthermore, the conventional synthesis of azo compounds requires harsh pH adjustments using high concentrations of hydrochloric acid and sodium hydroxide. However, highly concentrated reagents lead to decomposition of the compounds (Fig. 1 ). In addition, these conventional methods require cooling to remove the heat of reaction.
In this study, we demonstrate the use of a microuidic device to synthesise azo compounds under milder conditions than those utilized in conventional methods. According to previous studies, microuidic devices can permit a more than 10 000-fold increase in the rates of chemical reactions.
23, 24 We, therefore, focused on the high reactivity that could be achieved with a microuidic device. The device is likely to reduce the required concentration of pH-adjustment reagents. Moreover, the microuidic device allows reactions to be performed at the interface between reagents. The reagents are supplied one aer another, and the reactants for each step are synthesised in a stepwise manner. Thus, localised excess chemical reactions do not occur. Furthermore, the conventional method requires complicated operations, thus making the synthesis difficult. However, the use of a microuidic device eliminates the need to control these operations and allows the convenient and userfriendly synthesis of azo-Mn(II) complexes.
Experimental

Materials and measuring equipment
The chemicals and reagents were of the highest grade commercially available (Tokyo Chemical Industry; Kanto Chemical) and used as received without further purication. The products were analysed by infrared spectroscopy (IR; FT/IR-6200, JASCO), ultraviolet-visible spectroscopy (UV-vis; U-3900, Hitachi), fast atom bombardment mass spectrometry (FAB-MS; JMS-BU25, JEOL), time-of-ight mass spectrometry (TOF-MS; JMS-T100LC, JEOL), proton NMR spectroscopy ( 1 H-NMR; ECX500, JEOL), and X-ray diffraction (XRD; RINTUltima3, Rigaku). The conventional synthesis and the synthesis conducted using the microuidic device were compared.
Conventional synthesis
As shown in Fig. 2 , the azo-Mn(II) complex was synthesised in three steps following the method reported by Akitsu et al.
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Steps I, II, and III represent the syntheses of an azo compound, azo ligand, and azo-Mn(II) complex, respectively. Steps II and III were performed under a nitrogen atmosphere. under stirring for 30 min to form the diazonium compound. Then, o-vanillin (250 mmol L À1 , reagent C) was added to the solution of the diazonium compound, which was neutralised using NaOH, and the resulting mixture was stirred for 30 min to afford an orange compound that was identied as the azo compound via the IR, FAB-MS, and 1 H-NMR analysis.
Synthesis of azo ligand (step II). The azo compound (40 mmol L
À1 ) was added dropwise to a solution of (1R,2R)-
solved in methanol (50 mL), and the resulting mixture was stirred at 40 C for 2 h to afford an orange solution of the ligand.
Synthesis of azo-Mn(II) complex (step III). Mn(II) acetate tetrahydrate (20 mmol L
À1
, reagent E) was added to the abovementioned solution to obtain a red solution of the complex. Aer being stirred for 2 h under N 2 gas, the complex was ltered off as a red prismatic precipitate (Fig. 3) , and the product was analysed via UV-vis spectroscopy, TOF-MS, 1 H-NMR, and XRD. was approximately 500 mm, and the depth was approximately 100 mm. The device was fabricated via the standard so lithographic technology. Reagents and solutions were introduced by a syringe using a syringe pump. 
experiments at a concentration of 1/15 because this mild pH control does not lead to the decomposition of the azo compound.
Synthesis of the azo compound (step I).
A simple Y-junction channel was used for step I (Fig. 4a) Table 2 ).
Synthesis of the azo ligand (step II).
In step II of the synthesis, a Y-shaped microuidic device was used (Fig. 4a) . The ligand was synthesised from the azo compound (40 mmol L À1 , step I product) and (1R,2R)-(+)-1,2-diphenylethylenediamine (20 mmol L À1 , reagent D) at a ow rate of 2 mL min À1 (Table 2 ).
Synthesis of the azo-Mn(II) complex (step III). The azo-Mn(II) complex was synthesised from the azo ligand and Mn(II) acetate tetrahydrate (20 mmol L
À1
, reagent E), both of which were dissolved in methanol.
Step III of the synthesis was performed in the second channel of the X-junction microuidic device (Fig. 4b) . This synthesis was performed directly aer step II with no treatment, with the outlet from step II connected to the ligand inlet for step III. The ow rate was 4 mL min À1 . Aer the synthesis, the solvent was evaporated to afford the product, which was analysed by UV-vis spectroscopy, TOF-MS, 1 H-NMR, and XRD (Table 2) . However, XRD measurement data could not be obtained.
Results and discussion
The FAB-MS results show the mass-to-charge ratio (m/z: [256.08 + H] + ) of the products obtained aer step I for both the conventional method and the microuidic device method (Fig. 5) . In addition, the 1 H-NMR spectra of the products obtained from the two methods were consistent (Fig. 6) . ) was observed in the IR spectra (Fig. 7a) . These analytical data showed that both the conventional and microuidic device methods successfully afforded the azo compound. This result proved that the azo compound could be synthesised under mild pH control using the microuidic device. The chemical reaction was promoted using the microuidic device, and the reaction proceeded even at a low HCl concentration. Moreover, the synthesis in the microuidic device did not require temperature control (Table 3) as the microuidic device allowed the reaction to occur at the interface. The reagents were supplied one aer another, and the reactants for each step were synthesised in a stepwise manner. The synthesis of difficult azo compounds requiring control of pH and temperature is also possible using microuidic devices.
We also tested a microuidic device with a channel width of 200 mm. However, this device could not be used for the synthesis because the azo compound immediately clogged the channels. Therefore, in the experiments reported herein, we synthesised the azo compound using a microuidic device with a channel width of 1 mm.
The UV-vis spectra (Fig. 7b) revealed changes in the detected p-p* and charge-transfer transitions, which indicated that the azoMn(II) complex had been obtained. In addition, the TOF-MS data showed peaks for the azo-Mn(II) complex (m/z: 741.2; Fig. 8) . Moreover, the large peaks in the 1 H-NMR spectra were consistent (Fig. 9) . Overall, these results indicated that the azo-Mn(II) complex had been successfully synthesised using the microuidic device.
XRD measurement data could not be obtained. In the conventional method, a large amount of solvent can be gradually evaporated to promote crystal growth. Conversely, a small amount of solvent obtained using the microuidic device method rapidly evaporated. For this reason, the product herein was obtained as a powder rather than as a crystal, and the XRD spectra could be adequately obtained.
Microuidic devices have been suggested to lead to high reaction rates. For steps II and III, the microuidic device was operated at room temperature and the conventional method was conducted at 40 C. In addition, the conventional method required a reaction time of 4 h, whereas the reaction in the microuidic device completed in less than 1 s. Furthermore, the synthesis using the conventional method needed to be performed under a N 2 atmosphere, whereas it could be performed under an air atmosphere using the microuidic device. Zhang and Cloud reported that oxygen could easily pass through a polydimethylsiloxane (PDMS) device.
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However, Tanaka et al. have also described the synthesis of Mn(II) and Co(II) salen complexes using microuidic devices.
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In this study, the reaction time was too short for the reagents to react with oxygen because they owed continuously into the microuidic device. However, in the conventional method, the reaction mixture was stirred, and metal acetate was oxidised. Furthermore, PDMS is not affected by alcohol. 27 The quantities that microuidic devices can handle are small although this problem can be solved using multiple devices in parallel. In microuidic devices, reactions occur rapidly and are isolated from the air. Therefore, syntheses, which cannot be achieved via conventional methods, such as simultaneous organic and complex reactions, can be achieved using microuidic devices.
One drawback of the chemical synthesis using the microuidic device was the formation of a byproduct (m/z: [331.83 + H] + ) derived from the azo compound, as shown in Fig. 5 . In addition, the p-p* band in Fig. 7b indicated that the ligands were mixed with the azo-Mn(II) complex. Furthermore, Fig. 9 indicated that unreacted materials were mixed with the desired products. However, this problem could be solved using a microdroplet merging device, and we will investigate the use of this device in our future work to prevent the inclusion of unreacted materials. 
Conclusion
An azo-Mn(II) complex was synthesised with mild pH control using a highly reactive microuidic device. We successfully synthesised azo compounds requiring temperature control and pH control using a simple Y-junction microuidic device. In addition, the microuidic device formed the azo-Mn(II) complex in less than 1 s at room temperature, and the synthesis could be performed under an air atmosphere. The microuidic device is capable of chemical synthesis similar to the conventional method although it is better suited to handling valuable and dangerous reagents. In future work, we will synthesise azometal complexes containing lysozyme as azo-metal complexes have optical isomerisation properties that may allow us to achieve the goal of controlling fuel cells using light. It should be noted that the amount of product generated using the microuidic device is small. We intend to solve this problem by fabricating an integrated device that should enable practical chemical synthesis.
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